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ABSTRACT: 
The production of renewable fuels, such as ethanol, has 
been steadily increasing owing to the need for a reduced 
dependency on fossil fuels. It was demon-strated 
previously that biomass-generated synthesis gas (biomass-
syngas) can be converted to ethanol and acetic acid using a 
microbial catalyst. The biomass-syngas (pri-marily CO, 
CO2, H2, and N2) was generated in a fluidized-bed gasifier 
and used as a substrate for Clostridium carboxidivorans 
P7T. Results showed that the cells stopped consuming H2 
when exposed to biomass-syngas, thus indicating that 
there was an inhibition of the hydrogenase enzyme due to 
some biomass-syngas contaminant. It was hypothesized 
that nitric oxide (NO) detected in the bio-mass-syngas 
could be the possible cause of this inhibition. The specific 
activity of hydrogenase was monitored with time under 
varying concentrations of H2 and NO. Results indicated 
that NO (at gas concentrations above 40 ppm) was a non-
competitive inhibitor of hydrogenase activity, although the 
loss of hydrogenase activity was reversible. In addition, NO 
also affected the cell growth and increased the amount of 
ethanol produced. A kinetic model of hydro-genase 
activity with inhibition by NO was demonstrated with 
results suggesting there are multiple binding sites of NO on 
the hydrogenase enzyme. Since other syngas-fermenting 
organisms utilize the same metabolic pathways, this study 
estimates that NO < 40 ppm can be tolerated by cells in a 
syngas-fermentation system without compromising the 
hydrogenase activity, cell growth, and product 
distribution.
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Introduction
The production of renewable fuels such as ethanol has been
steadily increasing, owing to the need for a reduced
dependency on fossil fuels. Ethanol is currently used as an
additive to gasoline to enhance the fuel efficiency, as well
as to reduce toxic emissions such as CO, CO2, NOx, and
hydrocarbons (He et al., 2003; Hsieh et al., 2002; Yuksel and
Yuksel, 2004). Ethanol is a promising alternative fuel due to
its biodegradability and regenerative characteristics and is
being projected as a substitute for MTBE, as it would reduce
water contamination and the adverse effects on public health
(He et al., 2003; Nadim et al., 2001).
Research has been extensive on the various processes used
for ethanol production from biomass. One process involves
the gasification of biomass, such as Switchgrass, to produce a
gas mixture primarily containing CO, CO2, H2, and N2. The
biomass-generated synthesis gas (biomass-syngas) is then
fermented by microbial catalysts to form alcohols and acids.
Anaerobic bacteria, such as Clostridium ljungdahlii and
Clostridium autoethanogenum, have been shown to convert
CO, CO2, and H2 to ethanol and acetic acid (Abrini et al.,
1994; Vega et al., 1990).
Many of the reported fermentation efforts have involved
the utilization of simulated or ‘‘synthetic’’ syngas prepared
from mixtures of purchased gases. Unlike synthetic
syngas, biomass-syngas often contains additional constitu-
ents including methane, some higher hydrocarbons, tars,
ash, and char particles as a result of the gasification process
(Bridgwater, 1994). However, there has been very little work
published on the effects of biomass-syngas impurities
on fermentation processes (Spath and Dayton, 2003).
An understanding of the potential contaminants on the
fermentation process is essential for assessing the degree to
which biomass-syngas must be cleaned. Recent work (Datar
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et al., 2004) showed the integration of a fluidized-bed
gasifier with a bioreactor to utilize biomass-syngas to
produce ethanol. A novel anaerobic bacterium, Clostridium
carboxidivorans P7T (Liou et al., 2005) was used as the
microbial catalyst. Certain effects of the biomass-syngas
were observed on the fermentation process, including cell
dormancy (cell growth was dormant but product formation
was active), shutdown of H2 consumption, and product
redistribution between ethanol and acetic acid (Datar et al.,
2004). Our recent studies have shown that cell dormancy
can be overcome with a 0.025 mm filter, but not the
traditional sterilization filter size of 0.2 mm (Ahmed et al.,
2006). Filter analysis showed the capture of small particu-
lates that appeared to be tars. Further analysis demonstrated
that tars indeed prolonged cell growth. However, use of the
0.025 mm filter did not prevent the shutdown of H2
consumption by the cells. The hypothesis was that a gaseous
species permeating through the filter was responsible for the
shutdown of H2 consumption.
Gases such as O2 (Seefeldt and Arp, 1989), acetylene,
CO, and nitric oxide (NO) are known inhibitors of
hydrogenase (Acosta et al., 2003; Kim et al., 1984;
Krasna and Rittenberg, 1954; Tibelius and Knowles,
1984). Studies have shown NO to inhibit hydrogenase
activity in Azotobacter vinelandii (Hyman and Arp, 1991),
Proteus vulgaris (Krasna and Rittenberg, 1954), Alcaligenes
eutrophus (Hyman and Arp, 1988), and Azospirillum
brasilense (Tibelius and Knowles, 1984) although a
quantitative analysis of the effects of NO on clostridial
hydrogenase has not been performed. For the previous work
using biomass-syngas in which H2 consumption was shut
down, approximately 140–150 ppm of NO was detected in
the biomass-generated syngas using a chemiluminescence
analyzer. Though gasification processes typically contain
ammonia rather than NO (Devi et al., 2003), the presence
of NO in the syngas could be due to some pockets of
combustion within the gasifier.
C. carboxidivorans P7T and other syngas-fermenting
organisms use the Acetyl-CoA pathway to convert
CO, CO2, and H2 into biomass, ethanol, acetic acid, and
other products. Figure 1 shows the acetyl-CoA pathway in
which CO and CO2 are converted to acetyl-CoA (Ragsdale,
1991). The electrons required for this conversion are
obtained fromH2, via the hydrogenase enzyme, or from CO,
via the carbon monoxide dehydrogenase (CODH) enzyme.
If the hydrogenase enzyme is inhibited, the cells cannot
consume H2 and the electrons must come from CO. This
scenario is inefficient for ethanol production since the CO is
sacrificed for electrons rather than used for product
formation. Therefore, it is important to assess the cause
and extent of hydrogenase inhibition in order to design a
fermentation process that can utilize H2 from biomass-
syngas. This work describes the effects of NO on the
hydrogenase activity, cell growth, and product distribution
of C. carboxidivorans P7T. This study also indicates the levels
of NO that can be tolerated by cells without compromising
the hydrogenase activity.
Materials and Methods
Microbial Catalyst and Culture Medium
C. carboxidivorans P7T, provided by Dr. Ralph Tanner,
University of Oklahoma, was utilized for the fermentation.
The bacterium was grown under strictly anaerobic con-
ditions in a medium containing (per liter) 30 mL mineral
stock solution, 10 mL trace metal stock solution, 10 mL
vitamin stock solution, 0.5 g yeast extract, 5 g morpholi-
noethanesulfonic acid (MES), and 10 mL of 4% cysteine-
sulfide solution. Resazurin solution (0.1%) was added as a
redox indicator. The mineral stock solution contained (per
liter) 80 g sodium chloride, 100 g ammonium chloride, 10 g
potassium chloride, 10 g potassium monophosphate, 20 g
magnesium sulfate, and 4 g calcium chloride. The vitamin
stock solution contained (per liter) 0.01 g pyridoxine,
0.005 g thiamine, 0.005 g riboflavin, 0.005 g calcium
pantothenate, 0.005 g thioctic acid, 0.005 g amino benzoic
acid, 0.005 g nicotinic acid, 0.005 g vitamin B12, 0.002 g
biotin, 0.002 g folic acid, and 0.01 g 2-mercaptoethane-
sulfonic acid sodium salt (MESNA). The stock solution of
trace metals contained (per liter) 2 g nitrilotriacetic acid, 1 g
manganese sulfate, 0.8 g ferrous ammonium sulfate, 0.2 g
cobalt chloride, 0.2 g zinc sulfate, 0.02 g copper chloride,
0.02 g nickel chloride, 0.02 g sodium molybdate, 0.02 g
sodium selenate, and 0.02 g sodium tungstate.
Experimental Method
Two 500 mL Cytostir1 cell culture flasks (Kontes/Kimble
Glass, Inc., Vineland, NJ) were used for the experiments.
Figure 1. Schematic of the acetyl-CoA pathway showing the utilization of
CO, CO2, and H2 to ethanol, acetic acid, and biomass. The hydrogenase enzyme is
utilized to produce electrons. CODH, carbon monoxide dehydrogenase enzyme.
Each sampling arm contained a rubber stopper for
inoculation, sampling, and gas sparging. One liter of media,
excluding the cysteine-sulfide, was prepared and equally
distributed into both flasks, following which the flasks were
autoclaved at 1218C for 20 min. After cooling, the media was
continuously purged with N2 to provide an anaerobic
environment. The flasks were then placed in a water bath at
378C. The water bath was placed on magnetic stir plates to
provide agitation. The water-bath level was always main-
tained such that the liquid level in the flasks was below that
of the water bath. Cysteine-sulfide (5 mL) was added to each
flask to scavenge any remaining dissolved oxygen.
Following the presence of an anaerobic environment,
continuous gas sparging of the feed gases at 10 mL/min was
initiated via the use of 18G luer needles for the inlet and
outlet. Flask A was initially sparged with a gas mixture
containing 20% CO, 15% CO2, 5% H2, and balance N2 (Air
Liquide, Houston, TX). Flask B was initially sparged
with 20% CO and 15% CO2, with the concentrations of
NO and H2 ranging between 0–160 ppm and 2.5–15%,
respectively. Combinations of gas cylinders containing
CO, CO2, H2, N2, and NO were mixed using mass flow
controllers to obtain the appropriate concentrations. With
gas flow initiated, 5mL of inoculum was added to each flask.
Samples (1.5 mL) were taken periodically from each flask
to measure the optical density (OD), pH, and product
concentrations. Samples for hydrogenase activity (0.4–
0.6 mL) and gas compositions (20 mL) were also obtained.
In experiments with more than 40 ppm of NO in the gas
stream, it was seen that the cells could not grow in the
presence of NO (Flask B) at the beginning of the run. In
these experiments, the gas sources were switched between
Flask A and Flask B once the cells in Flask A had reached
a constant concentration. The gases were switched to
determine the effects of NO on active cells and also to
determine whether the inhibition of growth by NO was
reversible. In some experiments, the gases were switched
back again to their original compositions to once again
determine the reversibility of the effects of NO on growth
and hydrogenase activity.
Hydrogenase Assay
For the hydrogenase assay, benzyl viologen was used as the
electron acceptor and a nonionic detergent, triton X-100 was
used to permeabilize the cell membranes. The assay buffer
contained 0.4 mL 1 M Tris-HCl, 0.2 mL 0.04 M benzyl
viologen, 0.1 mL 5% v/v Triton X-100, 0.2 mL 0.04 M
dithiothreitol, and 3 mL degassed DI water (Shenkman,
2003). All the above reagents, except for dithiothreitol,
were prepared and stored in an anaerobic glove box (Coy
Laboratory Products, Inc., Grass Lake, MI). Dithiothreitol
was freshly prepared each day, as it is unstable in water.
Within the anaerobic chamber, the reagents were added in
the above quantities to a 4.5 mL optical glass cuvette (Starna
Cells, Inc., Atascadero, CA) fitted with 10 mm screw caps
(SCHOTT Corp., Yonkers, NY) and 13 mm butyl rubber
stoppers (Bellco Glass, Inc., Vineland, NJ). The cuvette was
then removed from the chamber and purged with 100% H2
for approximately 1 min using a 23G long stainless steel
needle as the inlet and a short 22G needle as the outlet.
The cuvette was placed in a 308C receptacle of a spectro-
photometer (Varian, Inc., Palo Alto, CA). A gas-tight
syringe was used to transport approximately 0.5 mL of
anoxic broth from the flask to the cuvette, after which the
cuvette was shaken vigorously, placed in the spectro-
photometer, and the absorbance (Abs) recorded at 546 nm
every 0.5 s. Whole-cell broth was used for the enzyme assay
since syngas fermentation is a whole-cell application. The
quantified effects of NO in the whole-cell environment
would be beneficial for developing a feasible gasification–
fermentation system.
The concentration (CBV) of reduced benzyl viologen
(following the acceptance of electrons from H2 consump-
tion) was obtained from CBV¼Abs/(e  b), where b is the
cuvette path length (1 cm) and e is the extinction coefficient
for benzyl viologen (7.55 mM1cm1 at 546 nm). The
maximum volumetric rate of benzyl viologen reduction
(RBV) was calculated from the linear slope of the initial
portion of the curve following the short lag phase
(RBV¼DCBV/Dt). Since 2 moles of benzyl viologen are
reduced per mole of H2 consumed, the volumetric rate of H2
consumption (RH2) was calculated as 1/2RBV. RH2 was finally
divided by the measured cell density and converted into
specific activity (U/mg) where one U represents one mmol
of H2 consumed per minute.
For the cell density, samples were collected in 4 mL
cuvettes and the OD was measured at 660 nm using a UV-
Vis spectrophotometer. The OD is proportional to the cell
density ( 0.43 g/L per OD unit) as obtained from a
standard calibration chart showing a linear range of cell
density between 0 and 0.4 OD units. Samples with an OD
greater than 0.4 units were diluted so that the ODwas within
the linear range of calibration.
Product and Gas Analysis
Once the cell density and pH were measured, the samples
from the flasks were centrifuged at 14,000 rpm for 10 min.
The cell-free supernatant was then analyzed for ethanol and
acetic acid using a 6890 Gas Chromatograph (Agilent
Technologies, Wilmington, DE) with a flame ionization
detector and an 8 ft Porapak QS 80/100 column (Alltech,
Deerfield, IL).
Gas samples were taken periodically to measure the
CO, CO2, H2, and NO concentrations in the inlet and outlet
gas streams. Two 6890 Gas Chromatographs (Agilent
Technologies), each with a TCD, were used to measure
CO, CO2, and H2. A Chemiluminescence analyzer (Sievers)
was used to measure the NO concentration. To convert NO
and H2 to aqueous concentrations, aqueous solubilities of




Figure 2 shows the effect of 130 ppm (0.234 mM) NO on the
growth of C. carboxidivorans P7T. Flask A (with no initial
NO exposure) showed a typical growth profile with a lag
phase, exponential phase, and stationary phase. The cell
growth maximized at 0.24 OD and essentially remained
stationary. On Day 4, 130 ppm NO was continuously added
to flask A and the cell concentration increased to 0.35 OD
towards the end of the experiment. In contrast, no cell
growth was observed in Flask B when the cells were initially
exposed to a continuous stream of 130 ppm NO. However,
once the NO was removed on Day 4, the cells began to grow
to a stationary OD of 0.24, similar to the stationary OD
observed with Flask A in the absence of NO. These results
demonstrate that the NO inhibition on initial cell growth is
reversible.
In contrast to the 130 ppm experiment, no cell-growth
inhibition occurred upon an initial exposure to 40 ppm
(0.072 mM). Thus, the 40 ppm experiment and the
experiment without initial NO exposure showed similar
growth profiles. However, at 100 ppm NO (and higher),
growth profiles mimicked the patterns observed with
130 ppm.
Hydrogenase Activity
As shown in Figure 2 for no initial NO exposure in Flask A,
the specific activity of hydrogenase increased with time,
reaching a maximum value of about 2.5 U/mg. Since the
specific activity is per unit of cell mass, hydrogenase was
upregulated during this time. Once 130 ppm NO was
continuously introduced, the activity dropped to a steady
value of approximately 0.1 U/mg. In Flask B where the cells
were initially exposed to 130 ppm NO, the hydrogenase
activity was negligible since the cells did not grow. Following
the removal of NO, the specific hydrogenase activity
increased with cell growth and reached a maximum of
2.8 U/mg, similar to the activity level observed in Flask A
without any exposure to NO. Thus, initial exposure to NO
did not affect the upregulation of hydrogenase if the NO was
removed.
Experimental results at other concentrations of NO
showed that the hydrogenase activity was extremely
sensitive to NO. In all studies with varying NO concentra-
tions, the hydrogenase activity profile was similar to Flask
A (Fig. 2) prior to the addition of NO. Following 40 ppm
NO exposure (0.072 mM), the hydrogenase activity
did not decrease. However, at NO exposure levels
above 80 ppm, the activity decreased to a steady level. At
160 ppm (0.288 mM), there was a complete loss of activity
by NO. Ten to ninety-five percent activity inhibition
occurred between 60 and 130 ppmNO. Figure 3 shows a plot
of the percent hydrogenase inhibition versus the continuous
NO concentration in the gas phase. The solid line
passing through the data points represents a model
discussed below.
Although the previous experiments in which NO was
initially exposed to the cells showed that the upregulation of
Figure 2. Optical density (OD) of cells at 660 nm and specific activity (U/mg) of
hydrogenase. Flask A was exposed to a gas mixture without nitric oxide (NO) and Flask
B was exposed to a gas mixture with NO. The dashed line represents the time at which
the gases were switched so that Flask A now had NO in the gas stream while NO was
absent in Flask B.
Figure 3. Percent inhibition of the hydrogenase enzyme with varying concen-
trations of nitric oxide and hydrogen. The solid line represents the model fit to Equation
1 in which % inhibition is the activity (v) in the presence of nitric oxide (NO) divided by
the maximum activity in the absence of NO.
hydrogenase occurred after the NO was removed, the
reversibility of activity loss needed to be assessed. In two
experiments conducted with 200 ppm NO, the hydrogenase
activity increased in the absence of NO and then was
completely inhibited once the NO was added. However, the
NO was again removed and it was observed that the
hydrogenase activity returned to the previous level. Thus,
the loss of hydrogenase activity is reversible.
Hydrogenase Kinetic Model
To assess the hydrogenase kinetic model in the presence of
NO, Figure 4 shows the double reciprocal plot of 1/v versus
1/[H2] where v is the hydrogenase activity (mmoles
min1 mg1). To appropriately compare the hydrogenase
activity between experiments, the activities plotted in
Figure 4 were obtained by dividing the activity by the
maximum activity in the absence of NO (e.g., in Fig. 2, the
maximum activity is shown at 4 d for Flask A) and then
multiplying by the average of the maximum activities
observed in all experiments. The plot is shown for NO
concentrations of 0, 0.18 mM (100 ppm), and 0.234 mM
(130 ppm) and aqueous H2 concentrations varying from
18–110 mM (2.5–15% in the gas phase). As seen, the lines
connecting data for each concentration of NO assessed
converged on the negative x-axis, indicating that NO is a
non-competitive inhibitor of the enzyme.
Equation 1, which was derived by combining a typical
model for allosteric enzymes (Shuler and Kargi, 1992) with
the non-competitive enzyme inhibition model (Roberts
1977), characterizes the hydrogenase activity in the presence





 h  (1)
Vm represents the maximum hydrogenase activity (under
the experimental conditions of this study), Km is the
Michaelis constant for H2, KNO is the inhibition constant for
NO, and h is a constant for allosteric enzymes that generally
refers to the number of interactive binding sites with the
inhibitor. Equation 1 is the model shown in Figure 3 using
the fitted parameters noted below.















Regression analysis of the data in Figure 4, as applied to
Equation 2, resulted in Km¼ 37.4 2.3 mM, Vm¼ 4.8
2.0 U/mg, h¼ 6.1 0.25, and KNO¼ 0.141 0.001 mM
(95% confidence intervals). This indicates a possibility that
NO could be interacting with up to six sites on the enzyme if
NO binds as a first-order reaction (Hyman and Arp, 1988).
NO can also interact with many species as a second-order
reaction (Davis et al., 2001) and thus the interaction sites
would be ½ of h or three sites. The possibility of multiple
sites of inhibitor-binding has been addressed by Hyman and
Arp (1991), who suggested that NO interacts with at least
two distinct hydrogenase sites in A. vinelandii, possibly at
the Fe-S centers. Further, it has also been seen that certain
hydrogenases, like the Fe-only hydrogenase of Clostridium
pasteurianum, have up to five distinct [Fe-S] clusters (Peters
et al., 1998). Therefore, numerous binding sites for NO
are feasible, although the details of hydrogenase binding
domains for C. carboxidivorans P7T have not been assessed.
The Km value of 37.4 mM for H2 is similar to the literature
value of 37 mM (Schneider and Schlegel, 1976) for a purified
enzyme study conducted on the hydrogenase of A. eutrophus
H16 in the absence of any inhibitor (such as NO). This
similarity suggests that the kinetics involving NO may also
be similar to a purified enzyme study, although this has not
been validated. However, understanding the kinetics in a
whole-cell environment is important for quantifying the
levels of NO that can be tolerated by cells in a gasification–
fermentation system without compromising the hydro-
genase activity.
Product Distribution
Figure 5 shows the product profile for the experiments
shown in Figure 2. For Flask A, the acetic acid and
ethanol concentrations reached approximately 0.96 g/L and
0.049 g/L, respectively, by Day 3.5 in the absence of NO. This
is a typical trend seen in these cells as they produce more
Figure 4. Double reciprocal plot showing the non-competitive inhibition of
hydrogenase by nitric oxide (NO). The solid line represents Equation 2.
acid than ethanol during their growth phase. For Flask B,
there was no significant growth when initially exposed to
NO and the acetic acid and ethanol concentrations were
0.12 g/L and 0.003 g/L, respectively, by Day 3.5. Once Flask A
was exposed to NO, the ethanol concentration started to
increase drastically, reaching a value of about 0.337 g/L on
Day 6.5. The acetic acid concentration stayed constant
for approximately 2 days and then increased to a value of
1.12 g/L. This increase was perhaps linked to the increase in
cell concentration in Flask A, as these cells tend to produce
acetic acid during growth. When the NO exposure was
removed from Flask B, the cells started growing and the
acetic acid and ethanol concentrations increased to 0.96 g/L
and 0.042 g/L, respectively. These concentrations are similar
to the amounts produced in Flask A in the absence of NO.
Thus, the introduction of NO in Flask A caused an increase
in ethanol production and a slight increase in cell density.
The rapid rise in the ethanol concentration in Flask A
following exposure to NO suggests that NO plays a role in
the upregulation of ethanol production. Since the onset of
solventogenesis is often associated with the onset of
sporulation (Durre and Hollergschwandner, 2004), it is
feasible that NO promotes solventogenesis and sporulation
may eventually occur. The possible onset of sporulation was
not assessed in this study. The drastic increase in ethanol
concentration could not have been merely a pH effect as the
pH of the culture medium in Flask A was at approximately
5.7 when the ethanol production increased following NO
exposure. In contrast, the pH in Flask B (when the NO was
removed) dropped from 6.0 to 5.7 but the ethanol produced
by these cells was only 0.042 g/L. The fact that both
flasks had similar ethanol concentrations in the absence of
NO and Flask A showed a drastic increase in ethanol
concentration on exposure to NO indicates that the product
re-distribution is a result of NO and not the pH.
Interestingly, the increase in ethanol concentration was a
result also seen in previous studies with biomass-syngas
(Datar et al., 2004) indicating that NO may also be the
cause of the product re-distribution seen in the presence of
biomass-syngas. Thus, it appears that NO affects both the
hydrogenase enzyme and the product re-distribution. As an
extension of this work, recent studies showed that NO
increases the activity of alcohol dehydrogenase, an enzyme
responsible for the formation of ethanol (see Fig. 1),
although the details of this work are beyond the scope of this
article (Ahmed, 2006).
Conclusions
This work confirmed the hypothesis that NO measured in
biomass-syngas was the cause of hydrogenase inhibition in
C. carboxidivorans P7T. NO not only inhibited the
hydrogenase, but also led to an increase in ethanol
production by the cells. However, the loss of hydrogenase
activity is reversible. Since other syngas-fermenting organ-
isms utilize the same metabolic pathways, the potential of
similar effects of NO on the fermentation process should be
considered. Though it is desirable for cells to produce high
amounts of ethanol, the presence of NO in biomass-syngas
may not be entirely advantageous. As NO inhibits the
hydrogenase activity, electrons for ethanol formation must
come from CO rather than H2, thus reducing the available
carbon for product formation. This would reduce the
carbon conversion efficiency of the process. Another
problem that arises in the presence of NO is the initial
growth inhibition. Removal of NO from the biomass-syngas
may therefore alleviate these problems and allow the H2 to
supply the required electrons. The reduction in NO could be
done either by increasing the efficiency of the gasification
system to eliminate any combustion that may be occurring
(NO is produced during combustion but not gasification)
(West et al., 2005) or by scavenging NO using sodium
hypochlorite, potassium permanganate, or sodium hydro-
xide (Brogren et al., 1997; Chu et al., 2001; Sada et al., 1978).
However, this study shows that NO concentrations below
40 ppm have no effect on cell growth, hydrogenase activity,
or product re-distribution for C. carboxidivorans P7T.
Therefore, to minimize the effects of NO on any syngas-
fermentation system, an initial estimate is to keep the NO
concentration in biomass-syngas below 40 ppm.
Figure 5. Ethanol and acetic acid profile. The experiment was the same as that
shown in Figure 2. The dashed line represents the time at which the gases were
switched so that Flask A now had NO in the gas stream while NO was absent in
Flask B.
Special thanks is also given to Dr. Ralph Tanner, University of
Oklahoma, for isolating and providing C. carboxidivorans P7T.
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